The terrestrial glacial record reflects past snowline variability and atmospheric temperature changes. When combined with secure chronologies, these data can be used to test models of ice-age climate. We present new in situ cosmogenic 10 2; no moraines dating to stage 4 were found. For stage 2, the distribution of ages at Lago Buenos Aires is similar to cosmogenic nuclide-based glacial chronologies from western North America. In fact, the structure of the last mid-latitude South American ice age-specifically, the overall timing, a maximum ice extent prior to 22 ka, and deglaciation after 16 ka-is indistinguishable from that of the last major glaciation in the Northern Hemisphere, despite a maximum in Southern Hemisphere insolation during this period. The similar midlatitude glacial history in both hemispheres implies that a global climate forcing mechanism, such as atmospheric cooling, as opposed to oceanic redistribution of heat, synchronizes the ice age climate on orbital time scales.
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INTRODUCTION
A fundamental question in global climate dynamics is whether Southern Hemisphere glaciers respond in step with fluctuations of the Northern Hemisphere ice sheets and mountain glaciers despite antiphased solar insolation. The answer to this question, which remains poorly understood at both low-frequency orbital and high-frequency sub-orbital time scales, has profound implications for understanding the extreme climatic state of the ice-age world. Comparisons of well-dated Southern and Northern Hemisphere glacial chronologies can be used to evaluate whether ice-age climates were anti-phased (Blunier et al., 1998) or uniform (Steig et al., 1998; Denton, 1999) and to determine the relative roles of astronomic, atmospheric cooling, oceanheat transfer, and ice sheet-sea level forcings (e.g., Denton, 1999; Cane and Clement, 1999; Stocker, 2000) . For example, it has been documented that Antarctic ice sheet behavior has broadly followed the 100 k.y. Northern Hemisphere orbital periodicity that characterizes the mid-to late Pleistocene ice age (Broecker and Denton, 1989) . However, chronological constraints on lower latitude Southern Hemisphere mountain glacial records are critical for evaluating whether the Northern Hemisphere ice sheets synchronize ice sheet response in Antarctica mainly through sea level changes, or alternatively, whether a global climate forcing such as atmospheric temperature is also pertinent (Denton, 1999) .
High-resolution dating of terrestrial glacial records from southern South America thus provides a key to unraveling the processes that drive glacial climates. The terrestrial glacial record adjacent to Lago Buenos Aires, Argentina ( Fig. 1) , 46.5ЊS, comprises one the world's most complete and intact sequences of Quaternary moraines (Rabassa and Clapperton, 1990 ). In a companion paper, Singer et al. Ar and K-Ar dated basalt flows, which demonstrate that these deposits span the last 1 m.y. This paper presents the results from two independent chronometers, specifically, in situ cosmogenic ( 10 Be-26 Al-3 He) surface exposure dating of moraine boulders and 14 C dating of glacial-lacustrine sediment that constrains the age of the youngest moraines. The inferences and conclusions are strengthened by the general agreement of the multi-isotope data sets.
These data represent some of the first surface exposure ages of moraines in mid-latitude South America that proxy for the past oscillations of the Andean snowline and paleoclimate. The new chronology from 46Њ S supports the hypothesis that the mid-latitudes of both hemispheres witnessed a strikingly similar glaciation during marine oxygen isotope stage 2. The new chronology from Lago Buenos Aires can be compared to 14 C-dated records elsewhere in South America such as in the Lake District and Straits of Magellan and glacial records from Antarctica and the Northern Hemisphere (Fig. 1) . At Lago Buenos Aires, and along more than 1300 km of the southernmost Andes, exposure dating is ideally suited for resolving the age of individual moraines and glacial periods. South of the Chilean Lake District (Fig. 1) , on the west side of the Andes, the Patagonian ice cap calved into the Pacific Ocean, and terminal ice margin deposits are lacking (Mercer, 1983) . To the east, on the dry steppes in the rain shadow of the Andes, the use of 14 C is limited by the sparseness of preserved organic material and the age of the deposits; most glacial deposits east of the southern Andes predate the last glaciation and the ϳ40 k.y. limit of 14 C dating (this study ; Mercer, 1969 Mercer, , 1976 Mercer, , 1983 Mörner and Sylwan, 1989; Rabassa and Clapperton, 1990; Ton-That et al., 1999; Singer et al., 2004) . Singer et al. (2004) describe the Lago Buenos Aires area and Ͼ1 m.y. glacial sequence in detail. Here we briefly review aspects of the record that are essential for understanding the results and conclusion of this paper. Surficial geologic mapping has delineated evidence of at least 19 moraines and associated outwash plains deposited east of Lago Buenos Aires (Figs. 2 and 3). Following Caldenius (1932) , the moraines have been grouped into four broadly defined moraine complexes that we informally named Fenix, Moreno, Deseado, and Telken. The 40 Ar/ 39 Ar and K-Ar chronology (Singer et al., 2004) (Figs. 2 and 4) , which record at least two major glaciations.
GEOLOGIC SETTING
The Moreno I moraine tops a prominent west-facing escarpment (Figs. 2 and 3 ) ϳ20 km east of the lake (Fig. 2) . Outwash graded to the Moreno I moraine forms a discontinuous terrace at ϳ460-440 m above sea level (asl) along the south side of the Rio Deseado valley (Fig. 2) . This terrace is buried by the Cerro Volcán basalt flow ( Fig. 2 ; also see Fig.  4C in Singer et al., 2004) . Moreno boulders commonly exhibit ventification, but boulder spallation or exfoliation are relatively uncommon.
The Fenix moraines are generally sharpcrested ridges that lie at 450-480 m asl. They are 10-30 m high and up to 500 m wide (Figs. 2 and 3, A and B). The individual moraine ridges are relatively continuous and they can be easily traced around the Lago Buenos Aires Valley, except for Fenix III, which consists of only a few isolated crests surrounded by younger outwash (Fig. 2) . Spectacular sized, subrounded blocks up to 20 m high (Fig. 3 , C and F) of columnar jointed basalt with striations and glacial polish stand along the crests of the Fenix I and II moraines. Large basaltic blocks also occur on the other moraines, but they are much less abundant and smaller. Erratic cobbles and boulders of granite, rhyolite, diorite, gneiss, schist, and other lithologies clearly derived from the Andean Cordillera Ͼ50 km to the west are commonly found on all Lago Buenos Aires moraines (Singer et al., 2004) . Spallation is rarely observed on Fenix moraine boulders.
The Menucos moraine is grouped within the Fenix moraine system (Singer et al., 2004) , and it is the youngest ice margin position delineated at the eastern end of Lago Buenos Aires; in the field area, it is a topographically minor ridge (Fig. 2 ) containing large blocks of basalt up to 20 m in diameter. The Menucos moraine was deposited on top of ϳ887 measured varves that decrease in thickness upward (Caldenius, 1932; Sylwan, 1989) and are exposed along the Rio Fenix Chico (Fig. 2) . The varved sediments are banked upon, and therefore they are younger than, the Fenix I moraine (Caldenius, 1932; Singer et al., 2004) . 
GEOCHRONOLOGY METHODS

Radiocarbon Dating
Material dateable with 14 C has been found only at one site, in the varved section exposed by the Rio Fenix Chico (Fig. 2) . Approximately 1 kg of carbonate-cemented concretions from a varve within the lower third of the sediment section yielded 1 mg of pure C in the University of Zurich 14 C laboratory. Previously, Sylwan (1989) obtained two 14 C ages on carbonate-cemented concretions from the same varved outcrop (Table 1 ). Sylwan's (1989) samples were separated by ϳ280 varve couplets.
Cosmogenic Surface Exposure Dating
Sample Collection and Preparation
Given the excellent preservation of the moraine record and the lack of associated organic material due to the arid climate, cosmogenic dating is ideally suited for dating individual moraines at Lago Buenos Aires. Excellent summaries of the principles of cosmogenic nuclide dating include Lal (1991) , Cerling and Craig (1994) , Kurz and Brook (1994) , and Gosse and Phillips (2001) . Here we only briefly review sampling procedures, principles, methodologies, and systematic corrections that are particularly relevant for understanding the application of this technique in the region of Lago Buenos Aires.
The geomorphic setting and surficial characteristics were considered carefully when choosing boulders to sample. For example, we avoided boulders with evidence of rock splitting or spallation. Instead, we sampled boulders that appear to have been eroding only by granular disintegration. We also avoided edges and sharp facets by sampling at least 5 cm from these features. Except for shielded material, sampling was close to the center of top surfaces of boulders that dip less than 15Њ and usually less than 10Њ. Samples were collected from the upper few centimeters of moraine boulders with hammer and chisel. We generally selected the largest boulders available (Table 2) , on, or nearly on, well-defined moraine crests (Fig. 3 ) that are likely to have been stable and to have stood above deposited snow or volcanic ash. We aimed for boulders at least 1 m high and wide, but the full range in height varied from ϳ25 m to 32 cm for Fenix samples (Table 2) , with basaltic boulders on Fenix II being the tallest (Fig. 3, C and F). On the part of Moreno I sampled (Fig.  2) , well-defined continuous crests were lacking and boulders were rare. Thus, the two samples LBA-01-62 and 66 are not ideal, standing only ϳ25 cm and 5 cm high. Sample LBA-01-66 can be actually considered a large ''clast,'' ϳ16 ϫ 19 cm, which was sitting entirely on top of the surface. All elevations were measured relative to a 591 m benchmark using a barometric-based altimeter (analytical precision Ϯ 0.1 m) that was cross-checked with global positioning system (GPS) and topographic maps. Based on comparison between GPS and barometric-based altimeter measurements, elevation accuracy is estimated to be 10-20 m.
Although we have attempted to minimize geologic uncertainties by sampling strategies discussed above, some scatter in the data may be attributed to geologic factors such as prior exposure, variable erosion rates, postdepositional movement, and burial and exhumation. Snow cover is not corrected for, but it is assumed to be insignificant (Ͻ 1%) because we sampled along tops of moraine crests and, at present, total annual precipitation is less than ϳ250 mm and appreciable accumulation usually lasts less than a month. Whereas these processes should have had a small or negligible effect on the exposure ages from the Fenix moraines (i.e., below analytical uncertainty) because they are relatively young, they (Fig. 2) Stuiver et al. (1998) . § If varves are annual (Sylwan, 1989) , then sample St 10005 is separated by sample St 10503 by about 280 yr of deposition. might significantly impact the ages from the older moraines given their cumulative effect over a long time (Lal, 1991) , especially for small samples such as LBA-01-66. For
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Be and 26 Al dating, the selected boulders were granitic rocks except for LBA-01-05 (quartz pebble conglomerate), LBA-01-62 and 66 (quartz veins in metamorphic rocks), and LBA-01-48 and LBA-98-123 (red and gray rhyolites, respectively). Glacial striations were not observed and boulder surface microrelief is typically about or less than 1 cm. Quartz was separated and purified from other minerals at the University of Wisconsin using standard methods of crushing, sieving, heavy liquids, and repeated acid leaching. Subsequently, ion-exchange chromatography and precipitation techniques chemically isolated Be and Al (Kohl and Nishiizumi, 1992) . Stable Al was measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES) at the University of Colorado at Boulder.
10 Be/ 9 Be and 27 Al/ 26 Al isotope ratios were measured at the Center of Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory and compared to procedural blanks (Table 2) and their laboratory standards.
Samples for 3 He measurements were collected from three lithologies of basalt boulders, as shown by major element analyses (Table 3; Ton-That et al., 1999 ) that confirmed original identification based on hand specimens and boulder morphology. Six of the nine samples appear to be the same lithology, a fine-grained basalt with rare, small lherzolite xenoliths up to 4 mm in diameter. Olivine Be nuclide concentration, and LBA long-term production rate. Samples shielded from cosmic ray bombardment by Ͼ2 m of rock were obtained from the underside of the largest boulders of two lithologies to correct for inherited 3 He concentrations (see below). Sample LBA-98-087 was obtained from beneath a block of the 16.8 Ma lithology, which split off of the side of the parent boulder (Sample LBA-98-085) (Fig. 3C) . Extremely well preserved glacial polish and striations on the underside of the block indicate that calving occurred soon after deposition of the parent block, but the measured 3 He must include a small cosmogenic component. Sample LBA-98-134B is from under a large (Ͻ5 m) block of the 117 Ma lithology (Sample LBA-98-134A) that has split into two (Fig. 3F ). Although this sample is partially shielded by the companion block and Ͼ1 m in from the bottom edge, it also must contain a small cosmogenic 3 He component.
Olivine phenocrysts for 3 He measurements were separated from the groundmass by crushing, sieving, magnetic separation, and handpicking. Helium isotopes released by melting ϳ60 mg of olivine were measured on the helium mass spectrometer at the Woods Hole Oceanographic Institution (MS 2) using previously described techniques (Kurz, 1986; Kurz et al., 1996) He exposure ages, the 3 He concentrations specifically due to cosmogenic production must be determined. Typically, olivine separates are crushed under vacuum to selectively release magmatic helium trapped in fluid inclusions. The crushed powders are then melted under vacuum to release the remaining helium (Kurz, 1986; Kurz et al., 1996) . The cosmogenic 3 He concentration is determined by subtracting the magmatic component from the total 3 He. He ϭ He/ He ϫ He , He components. However, this assumption is only valid for young basalts. In older basalts, such as those analyzed here, inherited 4 He produced radiogenically during decay of U and Th and 3 He generated by the thermal neutron capture reaction 6 Li(n, ␣)T → 3 He (Kurz, 1986; Cerling and Craig, 1994) He distributions are not homogenous. U and Th primarily reside in the groundmass of basalt. Because the stopping distance of an alpha particle is ϳ20 m, radiogenic 4 He is concentrated near the surface of olivine grains (Farley et al., 1996) . Total 4 He concentrations in olivine depend on grain size, the distribution of U and Th, and the amount of original surface retained in the measured grains.
Olivine phenocrysts 500-1000 m in diameter were abraded in N 2 (Krogh, 1982) to remove rims containing elevated radiogenic and nucleogenic He components and obtain cores with presumably consistent, homogenous He concentrations and isotope ratios. In an experiment in which the olivine was subject to increasing degrees of abrasion, both 3 He and 4
He concentrations decrease with increasing abrasion, consistent with removal of a He-enriched rim of the olivine grains (see samples LBA-98-090a-d, Table 4 ). Although it is not clear that only core material free of implanted radiogenic 4 He and nucleogenic 3 He remained at the end of the abrasion process (concentrations did not level off), the experiment suggests that this is a valid approach. Typically, this abrasion process removed half of the starting sample mass; however, this does not mean that half of each grain was removed. Initially, the abraded samples were both crushed and melted. Later on, samples were melted without crushing.
From the shielded samples, inherited . Similar ages obtained using both methods would indicate that the assumptions concerning the helium distributions in the minerals are correct. This is the case for the boulders from which shielded samples were obtained; these ages are also Al boulder ages from the same moraine. Less consistent results were obtained for most of the other boulders, implying the helium distribution is other than assumed. Possibilities include partial retention of grain rims after abrasion or heterogeneous distribution of Uor Th-bearing inclusions. Given the large uncertainties in applying the corrections from the shielded samples, maximum exposure ages that assume all 3 He is cosmogenic are also presented; these ages are robust and support the conclusions based on the other cosmogenic nuclides.
Production Rates
Although analytical uncertainties in measuring cosmogenic nuclides are commonly less than 4% (Tables 2 and 4 ; all errors hereafter are 1 unless otherwise stated), geologic uncertainties, including boulder movement, erosion, and snow cover associated with surface exposure dating may be much higher and are reflected in the scatter of determined ages (Gosse and Phillips, 2001 ). In addition, systematic uncertainties associated with calibration of production rates of cosmogenic nuclides, combined with scaling these rates to sea level and high latitude (SLHL), are estimated to be as high as 10-20% (see Gosse and Phillips, 2001) . It should be emphasized that even a systematic uncertainty of 10-20% would not change the major conclusions presented in this paper.
We adopt the ''global'' production rates of 5.1 Ϯ 0.3 atoms/gm/yr for 10 Be and 31.1 Ϯ 1.9 atoms/gm/yr for 26 Al (both rates Ϯ 2; SLHL and standard atmosphere) and assume a muogenic component of production of 0.026% and 0.022% at sea level for each nuclide, respectively (Stone, 2000; Gosse and Stone, 2001) . Similarly, a global rate of 120.6 Ϯ 4.8 atoms/gm/yr (SLHL and standard atmosphere) for 3 He was adopted based on the weighted mean of concentrations in Bonneville flood deposits and Tabernacle Hill lava flows corrected for local pressure (Cerling, 1990; Licciardi et al., 1999; Stone, 2000) . Scaling with altitude follows equation 1 and Table 1 in Stone (2000) , accounting for a present mean annual sea level pressure of 1009.32 hPa and an annual temperature of 8 ЊC (Taljaard et al., 1969) . This pressure and temperature cause a ϳ3.6% increase in global production rates at sea level at 46.5 ЊS (cf., Fig.  1 in Stone [2000] ). These are the same production rates that gave concordant 10 Be and 3 He ages for granite and basalt boulders on the Eight Mile moraine at Yellowstone (Licciardi et al., 2001) . Moreover, the use of global production rates (i.e., Stone, 2000) yields exposure ages for the youngest Fenix moraine (see below) that are consistent with the 14 C ages obtained from the overlying varved sediment (Tables 1 and 2 ; Fig. 4 ). In addition, it must be kept in mind that the carbonate-cemented concretion 14 C data have not been corrected for possible reservoir effects (e.g., due to ''old'' C in groundwater); presently, the magnitude of a potential effect is unknown.
Scaling factor and production rate uncertainties are minimized for Fenix moraine samples for the following reasons. First, the Lago Buenos Aires sampling sites lie close in latitude to most published calibration sites (e.g., Nishiizumi et al., 1989; Gosse and Stone, 2001 ). Thus, scaling of the production rates at the calibration sites to SLHL, to estimate ''global'' production rates, involves a similar standardization as scaling from SLHL to Lago Buenos Aires sites. Second, in other studies, the Lal (1991)-based scaling used here captures the altitude dependence of the production rate within the analytical uncertainties (Zreda, 1994; Ackert et al., 2003) . Third, most exposure ages presented for the Fenix moraines are similar to calibration site ages, Ͻ17 ka, thus, uncertainties introduced by timedependent variations in production rates are small.
For Moreno moraine samples, we use a locally derived long-term production rate, which limits scaling and production rate uncertainties to as low as ϳ5% because the local calibration sites are from lava flow surfaces similar in age (68 ka and 109 ka) and elevation Means based on boulder 10 Be-26 Al ages that include propagation of all uncertainties except for production rate (Table 2) . These values are used in Figure 4 . ‡ Means based on boulder 10 Be-26 Al ages that include propagation of all uncertainties including production rate (Table 2) . These values are used in Figure 5 . Mean ages are slightly different than those to left because different errors are weighted. 26 Al ages have larger error bars and are often younger than 10 Be ages, and thus they have greater influence on weighted mean calculation when production rate errors are included in propagation of errors.
(900 m and 500 m) to the moraine boulders (Ackert et al., 2003) . This local 3 He production rate (136.7 Ϯ 3.5, 2) is ϳ11% higher than published calibrations and is attributed to lower atmospheric pressure at Lago Buenos Aires during glacial climates (Ackert et al., 2003) . Because 10 Be and 26 Al are also produced dominantly by spallation, we scale the 10 Be and 26 Al production rates accordingly. For comparison, the Moreno ages are also derived and shown in Table 2 and Figure 4 with global production rates (Gosse and Stone, 2001; Licciardi et al., 1999) .
It is important to scale global production rates (e.g., Stone, 2000) to an effective geomagnetic latitude (Nishiizumi et al., 1989; Lal, 1991) to account for changes in the magnetic field over the exposure history of the sample. Although fluctuations in the intensity and inclination of the geomagnetic field over the past ϳ100 k.y. are assumed to have had a small impact on production rates-and hence uncertainty-in cosmogenic dating at Lago Buenos Aires, it is worthwhile to outline the scaling done here. Proxy records of paleointensity include Guyodo and Valet (1999) , Ohno and Hamano (1993) , and McElhinny and Senanayake (1982) . The SINT800 paleointensity record of Guyodo and Valet (1999) was used, except for the last 11 k.y. For the period between 11 and 10 ka, McElhinny and Senanayake's (1982) intensity values were used, whereas for the last 10 k.y. estimates from Ohno and Hamano (1993) are preferred, in part because they include data from Argentina. Over the last 25 k.y. (i.e., Fenix time), the integrated effect of magnetic field changes on exposure ages is small, and the estimated geomagnetic latitude varied from ϳ47.5 to 46.8ЊS between 25 and 15 ka.
In general, non-dipole effects at 46ЊS latitude and 400-500 masl may change production rates by Ͻ2%, and furthermore, they are insignificant for moraines greater than 20 ka (Gosse and Phillips, 2001; Dunai, 2001) . However, there is presently a strong inclination anomaly over the South Atlantic-South American region, such that data from Ohno and Hamano (1993) may not fully compensate for this effect at Lago Buenos Aires over the last 20 k.y. (Dunai, 2001) . Dunai (2000) proposed an alternative scaling scheme that includes time-dependent non-dipole components of the magnetic field and uses atmospheric attenuation lengths different than those of Lal (1991) . We chose the Stone (2000) scaling scheme for Fenix samples because it relies on the relations of Lal (1991) , which better capture the altitude dependence of production rates in this area (Ackert et al., 2003) .
For Moreno ''time'' (Ͼ109 ka), directional effects are small or insignificant (Gosse and Phillips, 2001) . A theoretical estimate of the total integrated effect of changes in magnetic inclination and intensity at 46.5ЊS on production rates is Ͻ0.5% for any period prior to 25 ka (Masarik et al., 2001) . Alternatively, using an empirical correction (cf., Nishiizumi et al., 1989) , as was done above for Fenix samples, may increase Moreno ages by as much as 3% (Table 2) . We emphasize that correction of the local Lago Buenos Aires long-term production rate of Ackert et al. (2003) for magnetic field variation is not required for Moreno samples because the sites are from a similar altitude and within 10 km of the Cerro Volcán calibration area.
Erosion Rate
Quantifying boulder erosion rate is essential to correct for the removal of some cosmogenically produced atoms and is an ongoing objective at Lago Buenos Aires. Erosion rates are expected to vary nonuniformly both temporally and spatially. A provisional estimate of boulder erosion rate (2.3 Ϯ 0.1 mm/k.y.) is based on the 10 Be concentration in a granite boulder on the Telken V moraine (LBA-01-48; Fig. 2, Table 2 ). Given the large uncertainty of the 26 Al concentration (Table 2) , this exercise was done only with the 10 Be concentration. The two ''unknowns'' that determine cosmogenic nuclide concentrations are time and erosion rate (Lal, 1991) . Because the age of the Telken V moraine is stratigraphically bracketed between the 40 Ar/ 39 Ar-dated Arroyo Page (760 ka) and Telken (1016 ka) flows (Singer et al., 2004) , ''time'' is known and the age equation can be solved for erosion rate. The 10 Be concentration is apparently close to steady state, where nuclide accumulation is equal to loss by radioactive decay and erosion (Lal, 1991) , such that the calculated erosion rate is insensitive to whether the Arroyo Page or Telken flow ages are used. For comparison, assuming steady state (Lal, 1991) , the erosion rate derived is 2.4 mm/k.y.
As the rate of 2.3 mm/k.y. strictly applies only to boulder LBA-01-48, caution must be used when extrapolating throughout the Lago Buenos Aires area; thus, ages from Moreno moraine boulders remain tentative. In fact, uncertainty in the rate of erosion is presently the factor that most limits the accuracy of surface exposure ages for the Moreno moraine. An erosion rate of ϳ2.3 mm/k.y. is consistent with erosion rates found in other semi-arid regions (0.5-12 mm/k.y.; see compilation by Small et al., 1997) . Applying an erosion rate of 2.3 mm/k.y. increases ages by ϳ2.2% and ϳ3.6% for Fenix I and V samples, respectively, but increases ages of the Moreno samples by more than 25%.
The erosion rate determined from the LBA-01-48 boulder on the Telken V moraine is influenced by the production rate used. Given its antiquity, we use the newly derived longterm Lago Buenos Aires production rate. However, if the production rates of Stone (2000) were applied to the LBA-01-48 10 Be concentration (and accounting for present atmospheric pressure), then the erosion rate would be ϳ2.0 mm/k.y. An erosion rate of 2.0 rather than 2.3 mm/k.y. would decrease the 10 Be ages of LBA-01-62 and LBA-01-66 by ϳ8.5% and 5.6%, respectively.
Final Age Calculation and Uncertainties
Following the systematic adjustments outlined above, the age of each boulder was calculated (Table 2) Al ages by the inverse variance (Taylor, 1982) . The 26 Al age of sample LBA-98-98 is the only measurement not included in a boulder age calculation because it is distinctly younger than the respective 10 Be age and those of all other boulders on Fenix II. The mean age of each Fenix moraine was then calculated (Table 5) He ages based on the shielded samples are commonly consistent with the 10 Be-26 Al ages, these are not plotted on the figures of Fenix moraine ages, nor are they included in the weighted mean moraine ages (Table 5) , because of the poorly constrained uncertainties associated with the correction for inherited 3 He.
Unless otherwise mentioned, all total cos- Al/ 27 Al), Rare Gas Mass Spectrometry ( 3 He), ICP-AES analyses of Al concentration, erosion rate (Ϯ0.1 mm/k.y.), rock density (Ϯ 0.1 g/cm 3 ), and attenuation length (Table 2) . For correlation to records outside of Lago Buenos Aires (i.e., for Fig. 5 ), production rate uncertainties (Ϯ1.5-6%; see Table 2 ) are also propagated to reflect uncertainties in published rates (e.g., Gosse and Stone, 2001) and data in Ackert et al. (2003) , which indicate that changes in air pressure may have reduced the production rate slightly from Fenix V to Fenix I time. Errors were propagated, conservatively, step-by-step using sum in quadrature and power rules in Taylor (1982;  equations 3.18 and 3.26) as we solved the respective age equations. If instead the general rule for error propagation was used and total uncertainty calculated in one step (Taylor, 1982) , errors would decrease on average by ϳ30-40% for Fenix samples and 80% for Moreno samples.
RESULTS
Moreno Moraine Complex
The limited number of samples, low boulder height of the samples, and provisional erosion rate lead us to suggest only a ''best estimate'' age range between ca. 200 and 120 ka for deposition of the Moreno I moraine. Using the local long-term production rate, two small samples from the Moreno complex provide 10 Be-
26
Al ages of 129 and 101 ka (erosion rate ϭ 0 mm/k.y.) or 186 and 127 ka (2.3 mm/ k.y.), clearly distinguishing a temporal gap between deposition of the Moreno and Fenix moraines ( Al ages of boulder LBA-01-66 are consistent with its stratigraphic relationship to the overlying 109 Ϯ 3 ka (2) Cerro Volcán flow, provided an erosion rate of between 1.0 and 2.3 mm/k.y. is assumed.
Assuming no erosion, the 3 He exposure age of Moreno basalt sample LBA-98-134A was determined to be between 153 and 131 ka, depending on assumptions about inherited 3 He (Table 4) . Because the correction for inheritance is relatively small (14%), the LBA-98-134A
3 He data are shown in Figure 4 . Applying an erosion rate of 2.3 mm/k.y., the LBA-98-134A age, corrected for shielding, is 197-187 ka. The latter 3 He age is indistinguishable from the 10 Be-
Al age of boulder LBA-01-62 (Fig. 4) but older than boulder LBA-01-66 (for erosion rates between 0 and 2.3 mm/k.y.). Thus, it may be that LBA-01-62 and LBA-01-134A, which are relatively tall boulders, give older ages owing to reduced burial compared to LBA-01-66, which is only 5 cm tall. Further analyses under way will address these issues for the Moreno moraines.
Fenix Moraine Complex
The new AMS age of the concretion of 12,880 Ϯ 160 14 C yr B.P. (Ϯ 1) is consistent with the two 14 C ages previously obtained by Sylwan (1989) . The three 14 C ages on lacustrine varves at Lago Buenos Aires (Table 1) range from 14.1 to 12.9 14 C yr B.P., corresponding to ϳ16.9-15.5 ka (all 14 C ages hereafter are calendar years Ϯ 1 [Stuiver et al., 1998] ). Taken at face value, the 14 C data provide a minimum age for the underlying Fenix I moraine and a maximum age for the overlying Menucos moraine (Fig. 4) . Although these 14 C ages may be maxima for the carbonate concretions, as they are not corrected for reservoir effects, when calibrated, they are consistent with the cosmogenic ages presented below for Fenix I.
Individual 10 Be-26 Al boulder ages for the Fenix moraines range from 23.6 to 12.5 ka (erosion rate ϭ 0 mm/k.y.) or 23.9 to 12.8 ka (erosion rate ϭ 2.3 mm/k.y.). The 10 Be ages are more precise than the respective 26 Al ages on the same boulders and strongly influence the weighted mean boulder ages, especially if erosion and production rate errors are not propagated (Table 2) . On a given Fenix moraine, all 10 Be-26 Al boulder ages overlap within the 1 propagated uncertainties. The age coherence for samples from different locations along each moraine crest and the excellent conformity with the relative age sequence (Fig. 4) indicate that inheritance from exposure prior to deposition on the landscape, or burial, do not appear to be a major problem at Lago Buenos Aires.
The total 3 He surface exposure ages ( He are considerable, ϳ40% for the fine-grained basalt, and vary with lithology (Tables 3 and 4 ). The scatter is attributed to insufficient abrasion of sample olivine populations and retention of varying amounts of the helium-enriched rims of the grains. Therefore, the 3 He ages are not included in the mean moraine age calculations (Table 5 ). The results indicate that determining young exposure ages on old basalts using 3 He can be difficult. However, the technique can reveal important chronologic information, especially if quartz-rich samples are lacking. The likelihood of more precise results would be greater given larger and more abundant olivine phenocrysts than were available in these boulders.
DISCUSSION
Recent Glacial History of Mid-latitude Andes, ϳ36-46؇S
The new cosmogenic nuclide data refine the broad age constraints for seven of the youngest moraines based on 40 Ar/ 39 Ar ages and stratigraphic relationships (Ton-That et al., 1999; Singer et al., 2004 Ar data suggests that geologic uncertainties described above are minimized to the point that cosmogenic dating has exceptional potential for reconstructing the Lago Buenos Aires glacial history.
Individual Lago Buenos Aires moraine ages and precise one-to-one correlations with paleoclimatic events in other southern South America records must be considered tentative and require testing with further reduction of systematic and geologic uncertainties. As the sources of error are diminished in the future, cosmogenic ages calculated on the basis of our present understanding will need to be further revised. We do not anticipate that the magnitude of potential age corrections will exceed ϳ11% (e.g., Ackert et al., 2003) . Furthermore, we reiterate that despite present uncertainties, our fundamental conclusions will not change in the future if the chronology is refined.
Prior to 25 ka
As previously mentioned, our age assignments prior to ca. 25 ka are tentative. Based on the overlying Cerro Volcán lava flow and three cosmogenic ages, we can confidently assign a limiting minimum age of Moreno I greater than 109 ka, although we estimate that deposition occurred between ca. 200 and 120 ka. The most reasonable interpretation of the cosmogenic data is that at least part of the Moreno moraine complex was deposited during marine ␦
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O isotope stage 6 (190-130 ka) . Until now, direct evidence of a major glaciation during stage 6 in the Andes has been difficult to verify (Clapperton, 1993) . A stage 6 glaciation at Lago Buenos Aires is consistent with the volcanic geology at 36ЊS, where the Tatara-San Pedro complex (Fig. 1 ) exhibits a prominent gap in the lava record at this time that is thought to reflect a major episode of glacial erosion (Singer et al., 1997) .
We consider it unlikely that the youngest part of the Moreno moraine was deposited during stage 5d (ca. 115 ka), which could be inferred based on the youngest exposure age, LBA-01-66 (Fig. 4) . As discussed above, assuming an ideal exposure history for this low boulder (Table 2) is questionable. In addition, glacial-age dust in the Vostok ice core, which has a distinct Patagonian Sr, Nd, and Pb isotope signature (Basile et al., 1997; Petit et al., 1999) , does not support a 5d glacial event. While dust concentration does not show an appreciable increase during stage 5d (or anywhere between ca. 130 and 100 ka), maxima EXPOSURE CHRONOLOGY OF GLACIAL ADVANCES DURING STAGE 2 IN PATAGONIA do occur during stages 6, 4, and 2, (Fig. 5A) . We suggest that an elevated Vostok dust concentration should be observed if part of Moreno I was deposited ca. 115 ka, in light of the similar Andean glacial extent required to form Moreno I and the stage 2 Fenix moraines (Figs. 2, 3F , and 5A).
There are no sites in southern South America where it can be demonstrated conclusively that glaciogenic deposits formed during stage 4, ca. 75 ka (Clapperton, 1993) . The available data (Figs. 2 and 4) suggest that stage 4 moraines are not preserved at Lago Buenos Aires. However, glacial-age dust in the Vostok ice core (Fig. 5A ) provides strong evidence that during stage 4, Patagonian glaciers did advance (Basile et al., 1997; Petit et al., 1999 Ardated record of volcanism at the 3600-m-high Tatara-San Pedro complex (Fig. 1) implies that glaciation during stage 4 was less intense than that during stages 6 and 2 (Singer et al., 1997) .
After 25 ka
The new chronological data (Fig. 4) indicate that the five Fenix ice advances occurred between ϳ23 and 16 ka and imply that the Patagonian ice cap was responding to millennial-scale climate forcing during stage 2, a period of high summer insolation (Fig.  5B ). In fact, there is consistent evidence of major ice expansion between ca. 27 and 15 ka throughout the southern Andean Cordillera ( Fig. 5B ; Denton, 1999; Clapperton and Seltzer, 2001 ). Furthermore, records from midlatitude South America (Fig. 5B) indicate that Andean outlet glaciers reached their maximum extent in most areas between ca. 27 and 22 ka (Fig. 5B) , with exceptions peaking at ca. 18-17 ka . Although we hesitate to assign precise absolute ages to individual Lago Buenos Aires moraines, the temporal pattern is consistent with the cool periods/glacioclimatic maxima in the Lake District (Fig 5B) .
A similar finding occurs at Laguna del Maule (Fig. 1) , 1000 km north of Lago Buenos Aires, where 40 Ar/ 39 Ar dating of glaciated and unglaciated lava flows demonstrates that the last major ice advance took place between 25.6 Ϯ 1.2 ka and 23.3 Ϯ 0.6 ka (Singer et al., 2000) . Evidence for a subsequent readvance is absent at this latitude. We infer that after ca. 23 ka, Laguna del Maule-at 36ЊS and at ϳ2150 m asl-must have been below the ''glacial-age'' snow line for this area based on estimates that place it between ϳ2500 and 3000 m (Broecker and Denton, 1989) . Singer et al. (2000) concluded that the lack of glacial advances after ca. 23 ka possibly reflects the start of southerly migration of the Westerlies toward their present interglacial position (Fig.  1) .
Deglaciation from the Fenix I moraine occurred after ca. 16 ka. The Lago Buenos Aires glacier then had retreated such that an icedammed proglacial lake was impounded behind the Fenix I moraine and, subsequently, a readvance took place, depositing the Menucos moraine (Singer et al., 2004) . Presently, we have no direct age constraints for the Menucos moraine other than a single 3 He exposure of Ͻ 19 ka. Southwest of the study area, Mercer (1976) obtained a 14 C age of 11.2 Ϯ 0.2 14 C yr (13.2 ka), which provides a minimum age for the opening of the Rio Baker outlet to the Pacific Ocean and ice recession from the Lago Buenos Aires basin and, thus, formation of the Menucos moraine. In any case, deglaciation in the Lago Buenos Aires basin occurred sometime after or ca. 16 ka, lagging the local insolation maximum by at least 5 ky (Fig 5B) . The timing of the last Lago Buenos Aires deglaciation is entirely consistent with that of other mid-latitude South American records, indicating that the main transition to the present interglacial climate was apparently under way by or ca. 16 ka (Ariztegui et al., 1997; Denton, 1999; Markgraf, 2001) .
Global Glacial Signal?
The similarity between the structure of the last mid-latitude South American ice age and that in the Northern Hemisphere is remarkable from the perspective of insolation differences. Despite high insolation, glaciers advanced out of the southern Andes and fluctuated on the Patagonian plains during stage 2, the definition of which reflects the most voluminous and expansive Northern Hemisphere ice sheets and mountain glaciers in the last glacial cycle ( Fig. 5 ; Shackleton et al., 1990) . The range of cosmogenic ages (23-16 ka) obtained at Lago Buenos Aires at 46 ЊS is nearly identical to distribution of cosmogenic ages obtained for the North American Sierra Nevada Tioga glacial advances (23-16 ka; Phillips et al., 1996) and classic Rocky Mountain Pinedale glaciation in the west Wind River (21.8-15.7; Gosse et al., 1995) and east Wind River Range (23-16 ka; Phillips et al., 1997) . Moreover, the timing of major deglaciation at Lago Buenos Aires, after ca. 16 ka, along with other paleoclimate proxies in southern South America, suggests that the last glaciation persisted until a similar time in the mid-latitudes of both hemispheres (Ariztegui et al., 1997; Denton, 1999; Licciardi et al., 2001; Markgraf, 2001) .
Despite maximum Southern Hemisphere insolation, in many areas the most extensive Patagonian ice extent during stage 2 occurred in phase with the coldest period at GISP2 in the North Atlantic region (e.g., Alley et al., 2002) . In fact, the timing of maximum outlet glacier extent on both sides of the Andes, prior to ca. 22 ka, with exceptions ca. 18-17 ka (Denton, 1999) , is similar in timing to the two most extensive periods for many portions of the Northern Hemisphere ice sheets and mountain glaciers (e.g., Denton and Hughes, 1981; Phillips et al., 1996 Phillips et al., , 1997 Licciardi et al., 2001; Dyke et al., 2002) . In the Northern Hemisphere, these two glacially extensive periods of stage 2 are reflected in part by Heinrich events 2 and 1 (Denton, 1999) ; thus, considering all records, there is tantalizing evidence from mid-latitude South America that the most extensive glacial advances also occurred at these times (Fig. 5B) .
The glacial geologic record in the Andes from ϳ36ЊS to 46ЊS implies low snowlines from ca. 27 ka to 16 ka (Fig. 5B) , which ranged from 0 to 3000 m between ϳ60Њ to 30ЊS (Broecker and Denton, 1989) . The correspondence with the timing of snowline depression at equivalent latitudes in the Northern Hemisphere (e.g., Denton and Hughes, 1981; Gosse et al., 1995; Phillips et al., 1996 Phillips et al., , 1997 Licciardi et al., 2001) suggests that reduced atmospheric temperature was a dominant forcing behind interhemispheric climate change and glacial expansion (Broecker and Denton, 1989) . Broecker and Denton (1989) emphasized that an equivalent amount of former snowline depression in both hemispheres suggests global temperature lowering. At the time, however, a lack of chronological constraints in many regions prevented secure knowledge of the age of the mapped snowline depression, which is now well documented in mid-latitude South America using three independent dating approaches (Fig. 5) .
Because precipitation can play an important role in glacial behavior, we suspect that it also plays a key part in causing Southern Hemisphere glacier variability. In the southern Andes, precipitation variability is closely linked to the latitudinal fluctuations of the southern Westerlies. Thus, differences in relative ice extent and leads and lags between terrestrial records (Fig. 5B) are to be expected and contain important paleoclimate information, especially on millennial time scales.
To understand the processes that drive glacial climates, the structure of the last glacial period in southern South America must be considered prominently in addition to ocean and Antarctic ice core records that show differences between the hemispheres during stage 2, including a rapid rise to interglacial sea surface temperatures (Lea, 2001 ) and isotope values in the Vostok and Byrd ice cores ca. 20 ka (e.g., Blunier et al., 1998; Petit et al., 1999) . Relative to the Northern Hemisphere, the South American records preclude any forcing mechanism that would have caused asynchronous hemisphere-wide climate response throughout the ca. 23-16 ka last glacial maximum. This conclusion lends strong support to the proposition of Denton (1999) , who pointed out that many facets of the Last Glacial Maximum in the Lake District (Fig. 1) , such as the post-17 ka termination, are incompatible with complete asynchrony between the hemispheres, specifically if caused by an ocean-heat forcing or bipolar see-saw mechanism (Stocker, 2000) . The challenge now is to accommodate the apparently diverse proxy records from Antarctic ice, marine sediments, and terrestrial South America to generate models that fully simulate Southern Hemisphere ice ages.
CONCLUSIONS
In the area of Lago Buenos Aires, new cosmogenic exposure ages, 40 Ar/ 39 Ar-dated lavas, and the 14 C age of varved sediment are remarkably consistent with one another and with the relative ages of the moraines and lava flows. This speaks to both the accuracy and precision of the cosmogenic ages and the excellent capacity that exposure dating holds for elucidating the recent history of Patagonian ice fluctuations. Although our chronology is provisional prior to ca. 25 ka, it appears that there are no stage 4 moraines at Lago Buenos Aires, indicating that any glacial advances during this time extended to or less than the maximum area covered by ice during stage 2, when the Fenix V moraine was deposited ca. 23 ka.
Although Southern Hemisphere insolation was anti-phased with that in the Northern Hemisphere, the structure of the last glaciation at Lago Buenos Aires and in the mid-latitude southern Andes with an overall timing of ca. 23-16 ka, a maximum ice extent prior to ca. 22 ka, and deglaciation after or ca. 16 ka, is nearly identical to that of mid-latitude Rocky and Sierra Mountain glaciers and the Northern Hemisphere ice sheets. In addition, the timing of most extensive ice on the Patagonian plains is coeval with the coldest part of stage 2 recorded at GISP2 in the North Atlantic region (Alley et al., 2002) . Changes in Northern Hemisphere insolation were clearly an important pacemaker in the timing of the most recent ice age deep within southern South America. Thus, a climate forcing mechanism such as a relatively rapid fall in atmospheric temperature as Northern Hemisphere insolation decreased must have caused the global stage 2 ice age. A more precise cosmogenic chronology will further resolve low-and highfrequency fluctuations of Patagonian glaciers, thereby documenting the similarities and differences between southern glacial climates and those in the Northern Hemisphere during the last, penultimate, and earlier glaciations. 
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